An electrically driven silicon light emitting diode with two distributed Bragg reflectors is reported. The active material is a Si pn-junction fabricated by boron ion implantation into an n-type silicon-on-insulator wafer. The cavity with a thickness of a few wavelengths is formed by amorphous Si/ SiO 2 multilayer stacks. A strong narrowing and enhancement of the electroluminescence at a resonant wavelength of = 1146 nm is observed with a quality factor of Q = 143 and a finesse of F = 11.
Achieving efficient light emission from silicon is a key challenge of today's optoelectronics, since it would open the way for all-silicon based integrated optoelectronic circuits. This could enable implementation of high-throughput optical interconnects as well as add new functionalities to integrated circuits. Large progress has been made during the past decade, culminating in the report of optical gain, 1 an optically pumped Si Raman Laser, 2 and recent hopes for a Ge-on-Si laser. 3 However, as long as no Si pn-junction laser is available, efforts also have to concentrate on increasing the efficiency of Si based luminescent devices. In two milestone papers it has been shown that B + ion implanted Si pn-junctions 4, 5 operated in forward direction can exhibit electroluminescence ͑EL͒ efficiencies as large as 0.1% to 1% at room temperature, several orders of magnitude higher than the usual efficiency of of 10 −6 for band gap emission in silicon.
It is well known that the performance of light emitting diodes ͑LED͒ can be significantly improved by integrating them into a resonant optical cavity or microcavity. 6 In particular, a microcavity gives rise to a higher spectral purity, better directionality, and higher efficiency of the emission. 7 This has been demonstrated for Si based structures almost exclusively by optical excitation, i.e., photoluminescence, using various active materials such as crystalline Si, 8 porous Si, 9 Si nanocrystals, 10 Er 3+ ions together with Si nanocrystals 11 or Ge self-assembled quantum dots 12 in microcavities. However, there are only very few reports on electrically driven luminescence from Si based microcavities. 9, 13 This is partly due to the fact that in Si technology distributed Bragg reflector ͑DBR͒ multilayer stacks are usually based on SiO 2 and another materials ͑e.g., Si 3 N 4 , a-Si͒. SiO 2 is a highly insulating material, rendering electrical injection difficult. An alternative route has been the incorporation of Si light emitters into photonic crystal structures.
14-16 Such a Si based LED has been reported in Ref. 17 .
Here we report an electrically driven Si LED with two DBRs. The active material is a Si pn-junction fabricated by B + ion implantation 18 into the n-type device layer of a silicon-on-insulator ͑SOI͒ wafer. The cavity, formed from amorphous silicon and silicon dioxide ͑a-Si/ SiO 2 ͒ multilayer stacks, leads to a strong narrowing and enhancement of the electroluminescence. The devices were fabricated on a commercial 100 mm SOI wafer with a thickness and resistivity of the active n-type ͑001͒Si device layer of ͑2 Ϯ 0.5͒ m and 1 -5 ⍀ cm, respectively. The thickness of the buried SiO 2 layer given by the manufacturer was ͑200Ϯ 10͒ nm. Using multiple oxidation and oxide removal the device layer was thinned down to an average thickness of 1300 nm, which would correspond to a 4 cavity, however, there was a significant thickness gradient variation across the wafer. This thickness was chosen as a compromise between high cavity finesse and mechanical stability of the targeted membrane. Also the cavity should be thick enough to guarantee at least one cavity mode within the natural emission. Subsequently the Si layer was implanted with B + ions of 30 keV energy at a fluence of 4 ϫ 10 15 cm −2 , an optimum value for efficient near band gap light emission. 18 In order to contact the n-Si layer, n + -regions were formed from the top around the p + layer by P + ion implantation ͑fluence 5 ϫ 10 14 cm −2 , energy 25 keV͒. After furnace annealing at 1050°C for 20 min, Al contacts were evaporated and lithographically patterned. A schematic cross section of the device at this stage of the fabrication can be seen in Fig. 1͑a͒ . It represents an LED on SOI, where the SOI acts as a low-finesse cavity.
In order to produce devices with a high-quality cavity, the silicon substrate and buried oxide layer of every second device on the same SOI wafer were removed by etching with potassium hydroxide ͑KOH͒ and buffered hydrofluoric acid ͑HF͒, respectively. The remaining non-etched devices act as Fig. 1͑b͒ . Actual thicknesses of all a-Si and SiO 2 layers forming the top and the bottom DBR, obtained from transmission electron microscopy, ellipsometry, and infrared spectroscopy, are ͑70Ϯ 7͒ nm and ͑193Ϯ 10͒ nm, respectively.
In the following we present results obtained on selected LEDs on SOI and MCLEDs. Both devices have a square shape of 50ϫ 50 m 2 size and their actual thicknesses were 1620 nm and 1751 nm, respectively. It turned out that thinner devices ͑1330 nm thick͒ did not exhibit good electrical diode characteristics. The EL measurements on forward-biased pnjunctions were performed using a long-working-distance objective with a magnification of 20ϫ and a numerical aperture of N A = 0.4. For comparison also the reflectance was recorded using infrared spectroscopy. Figure 2 shows the results for the LED on SOI and the MCLED. For the LED on SOI the reflectance ͓Fig. 2͑b͔͒ is consistent with a low-quality Fabry-Perot cavity formed by a 1620 nm thick Si layer bounded by air and SiO 2 at the top and bottom, respectively. The EL ͓Fig. 2͑a͔͒ shows a main peak at = 1148 nm and some weaker satellite peaks, which still lie within the natural emission spectrum of the Si band gap luminescence. Note that the natural spectrum cannot be accessed in this SOI device but it is known from experiments on similarly prepared bulk Si pn-diodes 19 to have an fullwidth at half-maximum ͑FWHM͒ of approximately 80 nm. In contrast, the emission from the SOI is narrowed to 32 nm. The main peak at 1148 nm corresponds to the 5-resonance of the cavity.
The MCLED exhibits the striking effect of the highquality cavity with the two Bragg mirrors. Again EL as well as reflectance are plotted in Figs. 2͑c͒ and 2͑d͒ , respectively. Now the main emission has a FWHM of only 8 nm and the peak is located at = 1146 nm, which corresponds to a quality factor of Q = / ⌬ = 143. The finesse, F, defined as the ratio between free spectral range ͑88 nm͒ and linewidth, is deduced to F = 11. A fit ͑see below͒ reveals that the main peak is related to the 5.5-resonance of the cavity with a thickness of 1751 nm.
All spectra were simulated using the UNIMCO program code, 20 which assumes laterally homogeneous structures. It does not take into account any layer thickness variation, surface roughness or inhomogeneous nor pn-junction boundaries. The optical constants of sputter deposited a-Si and SiO 2 films of the DBR stacks were determined from the ellipsometry measurements to be 3.564 and 1.449, respectively, at the wavelength of 1150 nm.
In the EL simulation the diode design plays an important role. In our design the p + -region covers only the area of 50 ϫ 50 m 2 and from secondary ion mass spectrometry we know that during postimplantation annealing the boron diffuses to a depth of about 950 nm. The n + -contacts are placed around the p + n-junction. The current flows between p + -and n + -areas mostly parallel to the surface, which is the shortest path. Therefore the recombination preferentially takes place along the circumference of the p + area. This fact was also experimentally observed by laterally resolved EL measurements. A normalized measured EL spectrum of a Si pn-diode prepared under the same conditions 19 with a FWHM of about 80 nm and the maximum located at the wavelength 1138 nm has been taken as an input for the calculation. The best agreement between the calculated EL and the data measured from the LED on SOI and the MCLED were achieved, if we assume a thickness of 375 nm of the emitting zone ͑around an antinode of the electric field amplitude͒. The acceptance angle of the optical system ͑with N A = 0.4͒ is 2 = 48°. The positions and the intensities of the EL resonant peaks depend on the angle of light extraction. Increasing of the extraction angle shifts the EL to the smaller wavelengths and decreases the EL intensity. The FWHM of the calculated resonance peak increases from the value of 1 up to 4 nm, if in the simulation a collection angle of 48°͑ =0°Ϯ 24°͒ is taken into account. The average extracted EL spectra are compared to the experimental values in Fig. 2 . A very good agreement between the EL measurement ͑full black circles͒ and the simulation ͑red solid lines͒ is obtained in the case of the LED on SOI ͓Fig. 2͑a͔͒. Certain quantitative differences between the measurement and the simulation of the MCLED ͓Fig. 2͑c͔͒ are visible, nevertheless the position of the peaks is very close to measurements and the FWHM of the measured resonant maximum of ⌬ = 8 nm is only by a factor of 2 higher than the calculated value.
Up to now we have discussed only the spectral shape of the emission spectra. However, it is of course desirable to know the emission enhancement resulting from the microcavity effect. In Fig. 3 the measured EL spectrum of the MCLED ͑full black circles͒ is compared with the EL spectrum of the LED on SOI ͑open red circles͒. Both of these devices were fabricated on the same SOI wafer and the EL measurements were performed using the same experimental setup and same measurement parameters ͑forward current =30 mA͒. We can evaluate the enhancement by the FabryPerot resonator with respect to LED on SOI. From the com- parison of the measured EL spectra of the LED on SOI and the MCLED in Fig. 3 ͑measured with the collection angle of =0°Ϯ 24°͒ the following conclusions can be drawn: Compared to the bulk LED on SOI, the EL intensity of the MCLED at the resonance wavelength of = 1146 nm is enhanced by a factor of 2.3. The relative enhancement appears even stronger for the side modes, the reason for which is not clear at present. This fact is partially responsible also for enhancement of the spectrally integrated emission 21 by a factor of 1.65. Note that we focus on the relative spectral enhancement induced by the Bragg mirrors in the SOI device, as measured in our experimental setup with a given collection angle. The MCLED showed the expected angular dependence, namely an intensity drop and a blueshift, measured up to a tilt angle of 15°͑not shown here͒. For the parameters of the present cavity, no significant increase in the integrated extracted efficiency is expected. We cannot give reliable numbers for absolute efficiencies at this stage, but we know that the quantum efficiency of our light emitting devices on SOI wafers is definitely lower compared to 0.12% published by Sun et al. 18 The present device is thus mainly regarded as a proof of concept.
In conclusion, we have demonstrated a 5.5 microcavity enhanced Si LED emitting at a resonant wavelength of 1146 nm with a quality factor of Q = 143. As a reference, an LED in the device layer of the same SOI substrate without DBRs has been evaluated. An enhancement of the electroluminescence due to the microcavity effect has been demonstrated.
Future efforts should be directed toward an even thinner cavity: With a thickness of less than 3 -4 only one cavity mode would remain within the natural emission linewidth, thus leading to emission of a single narrow line.
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